Purpose There is evidence that multifocal visual evoked potentials (VEPs) can be used as an objective tool to detect visual field loss. The aim of this study was to correlate multifocal VEP amplitudes with standard perimetry data and retinal nerve fibre layer (RNFL) thickness. Method Multifocal VEP recordings were performed with a four-channel electrode array using 58 stimulus fields (pattern reversal dartboard). For each field, the recording from the channel with maximal signal-to-noise ratio (SNR) was retained, resulting in an SNR optimised virtual recording. Correlation with RNFL thickness, measured with spectral domain optical coherence tomography and with standard perimetry, was performed for nerve fibre bundle related areas. Results The mean amplitudes in nerve fibre related areas were smaller in glaucoma patients than in normal subjects. The differences between both groups were most significant in mid-peripheral areas. Amplitudes in these areas were significantly correlated with corresponding RNFL thickness (Spearman R¼0.76) and with standard perimetry (R¼0.71). Conclusion The multifocal VEP amplitude was correlated with perimetric visual field data and the RNFL thickness of the corresponding regions. This method of SNR optimisation is useful for extracting data from recordings and may be appropriate for objective assessment of visual function at different locations. Trial registration number This study has been registered at http://www.clinicaltrials.gov (NCT00494923).
INTRODUCTION
Visual evoked potential (VEP) measurement allows objective assessment of visual function in ocular and systemic disease. 1 VEP recording during multifocal stimulation has been suggested to be an objective perimetric method. 2 The technique of pattern reversal multifocal VEP (mfVEP) offers the possibility for such a test. mfVEPs can be recorded from the skull by placing electrodes at different positions. 3 It was shown that this method can be used to asses the visual field in the central 208 to 308 in patients with optic nerve disorders, glaucoma and hemianopsia, and that it might be sensitive for detecting visual field loss. 4e9 A topographical association between mfVEP and structural damage has been established for patients with opticus neuritis, glaucoma and multiple sclerosis. 5 6 10e12 However, inter-individual differences and recording variability sometimes make use of the mfVEP technique difficult. 13 However, the use of multielectrode configurations to record the mfVEP signals improves the sensitivity of the method. 3 We present an analysis technique which optimises the signal-to-noise ratio (SNR) from a four-channel recording system to extract reliable data.
The purpose of this study was to determine whether the results of visual field tests obtained with a four-channel mfVEP system are comparable to those obtained by standard automated perimetry. These comparisons were performed in glaucoma patients with perimetric and optic nerve defects. Subsequently, we explored how the VEP amplitudes of nerve fibre related areas differ between normal subjects and glaucoma patients, and how they are related to structural defects revealed by spectral optical coherence tomography (SOCT).
METHODS

Experimental design and stimulus
A standard pattern reversal dartboard stimulus was presented on a 19-inch TFT flat-screen (RETIsystem; Roland Consult, Brandenburg, Germany). Visual stimuli were presented monocularly in eight cycles of 140 s each. The optimally refracted patients were instructed to fixate a cross (size: 18). Correct visual fixation was monitored with a video camera system. VEPs were recorded with four different electrodes placed on the subject's skull using a cross-shaped electrode fixation device (electrode distance from inion: above, 3.5 cm; below, 3 cm; horizontal left and right, 4 cm). 9 The joint mounting of the electrodes ensured an equal distribution of their pressure and an improved electrodeeskin contact. Thus, four differential recordings from electrode pairs with different orientations were derived. Biosignals were digitised with 1 kHz sampling frequency and band-passed filtered with 1 and 100 Hz cut-off frequencies. The signal data were processed with the system's online analysis software and were subsequently further analysed off-line with MATLAB-based signal processing software written in-house. As a criterion for signal quality, SNRs were calculated for all 58 stimulated fields and for each of the four channels. The SNR was computed by dividing the signal in a time window between 50 and 150 ms (in which the VEP signal is expected to appear) by the signal between 230 and 330 ms (in which no response is elicited by the stimulus). The signal was defined as the difference between the maximal and Department of Ophthalmology, University of Erlangen-Nürnberg, Erlangen, Germany minimal value measured in the above time windows. In the patient cohort the mean SNR was 2.260.5 (range: 1.4e3.7), while in healthy volunteers the mean SNR was 2.560.8 (1.5e4.6). The recording with maximal SNR was used in statistical analysis. For statistical analysis in nerve fibre related areas, the mean amplitudes of the single fields in these areas were calculated (figure 1).
Procedures
Informed consent, including agreement for data collection, was obtained from participants, all of whom were members of the Erlangen Glaucoma Registry. The study followed the tenets of the Declaration of Helsinki for research involving human subjects.
All participants were thoroughly examined by slit-lamp inspection, tonometry, funduscopy, gonioscopy and papillometry. Visual fields were examined using standard and FDT perimeters (screening program: n-20-5; Zeiss Humphrey Systems, Dublin, California, USA). FDT perimeter results were scored 14 from 0 (all presentations seen at first appearance) to 68, with all missed presentations taken account of in the test protocol. Papillometric evaluations of patients were based on 158 colour optic disc photographs. Criteria for glaucoma diagnosis were an open anterior chamber angle and a glaucomatous appearance of the optic nerve head including an unusually small neuroretinal rim area in relation to the optic disc size, and a larger vertical than horizontal cup-to-disc ratio. 15 All individuals had clear optic media, visual acuity of 6/20 or better, and intraocular pressure (IOP) less than 23 mm Hg. Exclusion criteria were all eye diseases other than glaucoma, diabetes mellitus, and a myopic refractive error exceeding À6 diopters. Age and refractive error did not differ significantly between the normal and glaucoma groups.
The retinal nerve fibre layer (RNFL) thickness of all subjects was measured by SOCT (Spectralis, Heidelberg Engineering, Germany). Averaged B-scans were analysed automatically to determine the RNFL thickness on a circle of 3.4 mm diameter around the optic disc. The present statistical analysis is based on 32 equal-sized sectors (11.258 each) that take account of the dependency of the RNFL thickness on the age of the subjects. 16 To assess the relationship between VEP amplitudes, visual field defects and RNFL thickness, the grid of perimetric test points was scaled to match the grid of the VEP stimuli. Eight visual field areas were defined (figure 1) and were used for the comparison of VEP amplitudes between normal subjects and glaucoma patients. To correlate visual field areas and RNFL thickness data we used a similar map as previously. 17 Additionally, the present mapping takes into account that the angle between the fovea and the centre of the optic disc versus the horizon was 5.963.78. 18 The nasal half of the RNFL thickness measurements was excluded from correlation analyses because it largely corresponds to retinal regions outside the perimetric field.
The following abbreviations and nomenclature are used for visual field areas (the corresponding nerve head sectors are given in brackets, with 08 corresponding to clock hour 9 in the right eye): ci, central-inferior (3498e118); ni, nasal-inferior (118e458); inf, inferior (458e908); sup, superior (2708e3048); ns, nasalsuperior (3048e3268); cs, central-superior (3268e3498); os and oi, outer superior and inferior visual field areas (no correspondence on the optic nerve head and excluded from comparisons). The maps of the remaining six visual field areas with corresponding sectors at the optic nerve head are shade coded in figure 1.
Perimetry
All patients underwent visual field tests with standard whiteon-white perimetry (Octopus 500; Interzeag, Schlieren, Figure 1 Relationship between the visual evoked potential (VEP) and perimetric test grids and nerve fibre related areas at the optic nerve head for a right eye. The sketch displays the multifocal VEP (mfVEP) dartboard stimulus with two nasal wings, the 46 test positions of standard perimetry (Octopus) and a graphical representation of the optic disc. Note the inverted orientation of the optic disc segmentation compared to fundus imaging in this visual field based view. The corresponding visual field areas and the optic nerve head positions, used for correlation analyses, are shade coded. The outer visual field areas (os and oi) and the nasal half of the RNFL measurements were excluded from correlation analyses. ci, central-inferior; cs, central-superior; inf, inferior; ni, nasal-inferior; ns, nasal-superior; oi, outer inferior (black and white); os, outer superior (black and white); sup, superior. Switzerland). All patients were subject to sensory tests and were measured at least once with this perimeter. Tests with more than 12% false positive or false negative responses were excluded. The present measurement algorithm (program G1, three phases) includes 59 test positions arranged according to the path of the nerve fibres. In this study, only test locations (n¼46) falling within an area covered by the dartboard stimulus for VEP measurements were included in further analyses. To calculate the mean perimetric loss in nerve fibre bundle related visual field areas (figure 1), the anti-log values at all single test positions were calculated and subsequently averaged. 19 For presentation and statistical analysis these averaged values were converted back to the dB scale.
Glaucoma patients
patients with normal-tension glaucoma. If both eyes met the inclusion criteria, the eye with higher corrected loss variance (CLV) was selected for mfVEP. The mean value (6SD) of perimetric defects (Octopus) in these glaucoma eyes was 6.764.2 dB and CLV was 56.2630.7 dB 2 . The FDT screening score 14 was between 6 and 68.
Control group
The study included 24 randomly selected eyes of 24 healthy subjects (six female, 18 male, mean age 52.8613.6 years). Slitlamp inspection, white-on-white perimetry, tonometry and funduscopy were normal without medication. The FDT screening score 14 was less than or equal to 1. Optic disc photographs were classified as normal by at least two experienced ophthalmologists.
Statistical methods
The results in control subjects and glaucoma patients are displayed in the figures as means and 95% CIs. Results were analysed by SPSS V.18. Comparisons between groups were performed using unpaired Mann-Whitney tests. The level of significance was set at a¼0.05 for all statistical tests. Bonferroni correction for multiple testing was performed by multiplying the observed p value with the number of comparisons within each analysis. Correlations between local VEP amplitudes and perimetric defects were computed for nerve fibre related visual field areas (Spearman rank correlation).
To demonstrate the relationship between sector VEP amplitudes and corresponding perimetric losses, a theoretical curve according to a linear model given by Hood et al 20 was calculated and is displayed in figure 4 . This model assumes that the measured voltage U M consists of two components: U M ¼U A +U R . One component U A is the voltage generated by the stimulus, while the other component U R is the residual base amplitude, the noise level. As the perimetric field sensitivity decreases, the voltage U A decreases also, while the base level U R does not change. In this model, the voltage U A is linearly related to the sensitivity change S: U A ¼U A0 3S with U A0 the normal voltage and S¼10 ÀD/10 , thereby converting the measured defect value D (in dB) to the relative sensitivity S (in linear units). A normal subject is characterised by D¼0, S¼1 and U A ¼U A0 . The resulting expression for the relationship between the measured amplitude U M and the relative sensitivity S is U M ¼U A0 3S+U R and the relationship between the measured amplitude U M and D ) thickness. An excessive reduction in RNFL thickness is found in an optic disc sector at about 2708 corresponding to the superior visual field. ci, central-inferior; cs, centralsuperior; inf, inferior; ni, nasal-inferior; ns, nasal-superior; oi, outer inferior; os, outer superior; sup, superior.
is U M ¼U A0 310 ÀD/10 +U R . In this paper, the residual voltage U R was calculated for each area as the mean of the amplitudes when local visual field losses were greater than 12 dB.
To model a linear relationship between VEP amplitudes and corresponding RNFL thickness, least-square and Deming regressions were performed. The latter considers the variability of both measurements. 21 The coefficients of variation for the SOCT were calculated using our own reliability measurements in 38 subjects and ranged between 3.2% (inf) and 4.9% (ci) for the measured sectors. The coefficient of variation of the mfVEP amplitudes was 10% for all visual field areas. This estimation is based on results from earlier studies 22 and the observation 4 that variability was similar for most stimulus locations except the more peripheral superior tests zones that are not considered in the present analysis.
RESULTS
The results from standard perimetry and mfVEP measurement in the same eye of a 31-year-old male patient with juvenile primary open angle glaucoma are shown as an example in figure 2. Visual field losses and reduced mfVEP amplitudes were found in the outer fields of the upper nasal quadrant ( figure 2A,B) . The thickness profile as measured with SOCT ( figure 2C ) is given as a function of the position relative to the optic nerve head. Below the abscissa, the locations of the fibre bundle groups are shown. Considerable thinning of the RNFL thickness below the normal range can be seen in the peripapillar sector at about 2708, corresponding to the visual field defects in the superior field area as shown in figure 2A . Figure 3 presents statistical VEP comparisons between controls and glaucoma patients in eight visual field areas introduced in figure 1 . The mean amplitudes in these nerve fibre related areas were between 0.35 mV (superior area) and 0.68 mV (central inferior area) for normal subjects and between 0.28 mV and 0.51 mV, respectively, for glaucoma patients. The differences between both groups were significant in mid-peripheral areas but not for outermost areas and the central inferior area. Figure 4 shows VEP amplitudes as a function of visual field defects (left column, A) and RNFL thickness (right column, B) for five visual field areas. The superior visual field area is not shown in figure 4 because there was no significant correlation between parameters. The plots in A and B show all individual data from glaucoma patients (filled symbols). The RNFL thickness plots (B) include the individual data from control subjects (open symbols), while for standard perimetry (A) data from normal subjects are given as mean VEP amplitude at 0 dB.
The scatter-plots reveal that the VEP amplitudes decrease when visual field loss increases (A) and RNFL thickness decreases (B). The curve in (A) is a fit of the model, described in the Methods section, to the data. The model gives an adequate description of the data. The straight lines in (B) show results from least-square and Deming regressions, which gave similar results except for the central visual fields where the coefficient of variation from SOCT is relatively large. 23 Significant Spearman rank coefficients were obtained between VEP amplitudes and visual field defects and between VEP amplitudes and RNFL thickness for the presented areas. To avoid an inhomogeneous correlation in the comparison, Spearman correlations were only performed on the patients' data.
DISCUSSION
Measurement of mfVEPs
The aims of this investigation were to establish an automated technique to record mfVEPs as an objective perimetric measure and to correlate the mfVEP data with standard perimetry and with RNFL thickness. Therefore, mfVEP measurements from nerve fibre bundle related areas were analysed in healthy subjects and glaucoma patients. The mean VEP amplitudes are decreased in glaucoma patients, particularly in those retinal areas that generally show larger vulnerability to glaucomatous damage: the Bjerrum area and the parafoveal region (figure 3). These results confirm earlier suggestions that analysing mfVEPs in Bjerrumlike sectors might be useful to increase performance and correlation with standard perimetry. 24 Both groups in this study demonstrate the known amplitude asymmetry between upper and lower hemifields. 25 
Correlation between VEP and other glaucoma tests
The Spearman analyses reveal a high correlation between local VEP amplitudes and corresponding field losses ( figure 4, left) . The patients' VEP amplitudes decrease rapidly with increasing visual field defects (expressed in dB), indicating that a small field loss results in a large VEP amplitude decrease. This is consistent with the observation of Hood et al 26 that VEP amplitude is linearly related to perimetric visual field sensitivity. The data further indicate that the VEP signal can be considered as the sum of two components: the evoked potential and noise. The images suggest that elicited VEP potentials U A are smaller than noiselevel U R when perimetric defects were larger than approximately 3 dB. The same model has been used previously for the description of the linear relationship between perimetric sensitivity and RNFL thickness. 17 19 Consequently, the relationship between VEP responses and RNFL thickness can also be expected to be linear, which is confirmed by our data (figure 4, right column). Baseline data and the relationship between mfVEP data and other techniques might be influenced by the acquisition and analysis techniques. The present electrode configuration relative to the cortical electric dipole ensured large VEP responses. The recording with the highest SNR was automatically chosen to represent the response to the relevant visual field. Future studies with more sophisticated filter methods 27 28 might be able to optimise the ratio between the evoked signal and the base level. A drawback of the mfVEP technique as an objective perimetry method is the relatively long recording time necessary for reliable data and the possible influence of movements or muscle tension. Approximately 15%e20% of the mfVEP measurements do not yield interpretable results when a minimal SNR of 1.4 is applied for data inclusion. This drop-out rate has to be compared with the number of non-reliable measurements in conventional perimetry due to false positive or negative responses. In addition, the short-and long-term reproducibility 29e31 of the methods must be compared.
CONCLUSIONS
Results in topographically related areas show a linear relationship between local mfVEP responses and corresponding RNFL thickness as well as visual field defects. Even relatively small perimetric losses can lead to considerable reduction in the evoked VEP signal. Thus, the present automated method can reveal many damaged locations in the visual field of glaucoma eyes.
